Repeat pregnancies with different perinatal outcomes minimize underlying maternal genetic diversity and provide unique opportunities to investigate nongenetic risk factors and epigenetic mechanisms of pregnancy complications. We investigated gestational diabetes mellitus (GDM)-related differential DNA methylation in early pregnancy peripheral blood samples collected from women who had a change in GDM status in repeat pregnancies. Six study participants were randomly selected from among women who had 2 consecutive pregnancies, only 1 of which was complicated by GDM (case pregnancy) and the other was not (control pregnancy). Epigenome-wide DNA methylation was profiled using Illumina HumanMethylation 27 BeadChips. Differential Identification using Mixture Ensemble and false discovery rate (<10%) cutoffs were used to identify differentially methylated targets between the 2 pregnancies of each participant. Overall, 27 target sites, 17 hypomethylated (fold change [FC] range: 0.77-0.99) and 10 hypermethylated (FC range: 1.01-1.09), were differentially methylated between GDM and control pregnancies among 5 or more study participants. Novel genes were related to identified hypomethylated (such as NDUFC1, HAPLN3, HHLA3, and RHOG) or hypermethylated sites (such as SEP11, ZAR1, and DDR). Genes related to identified sites participated in cell morphology, cellular assembly, cellular organization, cellular compromise, and cell cycle. Our findings support early pregnancy peripheral blood DNA methylation differences in repeat pregnancies with change in GDM status. Similar, larger, and repeat pregnancy studies can enhance biomarker discovery and mechanistic studies of GDM.
Introduction
Repeat pregnancies with different perinatal outcomes minimize underlying maternal genetic diversity and provide unique opportunities to investigate nongenetic risk factors and epigenetic mechanisms of pregnancy complications, such as investigations of DNA methylation, an epigenetic regulatory mechanism that influences gene expression and gene function. 1 Variations in DNA methylation have been associated with the pathogenesis of metabolic diseases, including type 2 diabetes (T2D). 2, 3 Gestational diabetes mellitus (GDM), abnormal glucose metabolism first diagnosed during pregnancy, is a complex disorder that shares risk factors and pathophysiological characteristics with T2D. 4, 5 Therefore, DNA methylation may play important roles in GDM risk development. We and others have previously shown that pathophysiologic changes occur early in pregnancies that are later complicated by GDM and/or other related disorders. 6, 7 These pathophysiologic changes include systemic changes (including chronic systemic inflammation and dyslipidemia) that are reflected in peripheral blood. 6, 7 Peripheral blood DNA methylation has also been targeted in diabetes-related research. 3, 8 Hence, early pregnancy maternal peripheral blood DNA methylation profiling holds the promise of enhancing our understanding of GDM pathogenesis and risk prediction. Further, since epigenetic changes can play causal role in disease pathogenesis and are potentially reversible (eg, through dietary and behavioral intervention), it may help identify preventative or therapeutic targets. 9 Therefore, we conducted epigenome-wide methylation profiling study of early pregnancy (16 weeks of gestation, on average) peripheral blood collected from participants with repeat pregnancies, first and second completed pregnancies (P0 and P1), only one of which is complicated by GDM, selected from a large prospective pregnancy cohort.
Methods

Study Setting
The study was conducted among participants of the Omega study. 6 The Omega study was designed to investigate risk factors for pregnancy complications. Participants were recruited among attendants of prenatal clinics affiliated with Swedish Medical Center (Seattle, Washington) and Tacoma General Hospital (Tacoma, Washington). Omega study participants were pregnant women who initiated prenatal care before 20 weeks of gestation. Eligible participants were >18 years old, were able to speak and read English, plan to carry the pregnancy to term, and planned to deliver at either of the 2 research hospitals. All study participants provided informed consent. Study protocols were approved by institutional review boards of the participating institutions (IRB Number #2505).
Data Collection
Data were collected using in-person interviews, shortly after enrollment. Information was collected on sociodemographic characteristics (eg, age, race/ethnicity, and education), height, weight, physical activity, and family history of chronic hypertension or diabetes. In addition, early pregnancy maternal blood specimen (16 weeks, on average) was collected around the time of interview from participants. We used last menstrual periodbased dating (confirmed by early pregnancy ultrasound-based dating) to estimate date of conception and gestational age. At the end of pregnancy, medical records were abstracted to obtain information on course and outcomes of the pregnancy. Study participants underwent a screening test, a 50-g 1-hour oral glucose challenge test, at 24 to 28 weeks of gestation. For participants who failed this test (blood glucose !140 mg/dL), a follow-up test consisting of a 100-g, 3-hour oral glucose tolerance test (OGTT) was administered. Based on the then current American Diabetes Association (ADA) recommendations, women were diagnosed with GDM if 2 or more results of the OGTT exceeded the ADA criteria as follows: fasting !95 mg/dL, 1-hour !180 mg/dL, 2-hour ! 155 mg/dL, and 3-hour !140 mg/dL. 10 
Study Participant and GDM/Control Pregnancy Selection
Study participants were selected from among women (N ¼ 173) who had 2 consecutive pregnancies included in the Omega study and provided early pregnancy peripheral blood samples (in both pregnancies) that were stored in the Omega Study Biorepository. Among these participants with repeat pregnancies, we identified those who experienced GDM at either of the pregnancies. For the current study, 6 women were randomly selected among those who were initially nulliparous and had 2 pregnancies, only one of which was complicated by GDM (case pregnancy) and the other was not (control pregnancy), in such a way that 3 of the women experienced GDM in their first completed pregnancy (P0), while the other 3 experienced GDM in their second completed pregnancy (P1).
Sample Preparation and Epigenome-Wide Methylation Profiling
Maternal peripheral blood buffy coat specimens were prepared from whole blood collected in early pregnancy. DNA, for methylation profiling, was extracted from maternal buffy coat samples using the Gentra PureGene Cell kit for DNA preparations (Qiagen, Valencia, California). Samples were processed for array analyses using the Infinium methylation assay, per manufacturer's protocol (Illumina, San Diego, California). Briefly, 500 ng genomic DNA was bisulfite treated using the EZ DNA Methylation Kit (Zymo Research Corporation, Irvine, California), chemically denatured and neutralized using 0.1 N NaOH, and amplified at 37 C for 20 to 24 hours. The amplified products were then enzymatically fragmented. Fragmented DNA was precipitated using 100% 2-propanol at 4 C for 30 minutes and centrifuged (3000g) at 4 C for 20 minutes to collect a tight pellet. The supernatant was decanted by quick inversion, and pellets were allowed to dry at room temperature (22 C) for 1 hour. The pellets were resuspended in 46 mL Illumina's custom hybridization buffer and incubated at 48 C for 1 hour followed by 95 C for 20 minutes. Each sample of 15 mL was then loaded on to the Illumina HumanMethylation 27 BeadChips (Illumina), a platform for epigenome-wide DNA methylation profiling, and hybridized at 48 C for 24 hours. The platform contains probes to assess methylation of >27 000 CpG sites located within proximal promoter regions of transcription start sites (TSSs) of 14 475 consensus coding sequences in the National Center for Biotechnology Information Database (Genome Build 36). BeadChips were scanned using the Illumina iScan Reader, and image data were then transferred to Illumina GenomeStudio for data procession, validation of assay controls, and report generation using the methylation module. The level of methylation for each site (interrogated locus) was calculated as the ratio of the methylated fluorescence signal to the total signal of the locus. All samples were processed and hybridized at the same time.
Quality Control and Data Preprocessing
Within each array, we used sample-independent and sampledependent controls to evaluate the quality of the assay and samples, per the Infinium HD Assay Methylation Protocol (Illimina). Briefly, sample-independent controls were used to evaluate the quality of specific steps (staining, extension, target removal, and hybridization) in the process flow. On the other hand, sample-dependent controls were used to evaluate assay performance across samples and included bisulfiteconversion, specificity, nonpolymorphic, and negative controls. All samples and assay controls met acceptable inclusion criteria. Probes (N ¼ 17) that had missing data for at least 1 of the samples were excluded.
Statistical Analysis
Participant characteristics were described using mean (standard deviation) and number (percentage, %) for continuous and categorical variables, respectively. Data were normalized by global LOESS smoothing using the R package ''limma.'' 11 The underlying analyses approach was based on within-person comparisons of methylation in the pregnancy that was complicated by GDM (case pregnancy) with methylation in the pregnancy that was not complicated by GDM (control pregnancy), among each study participant. The difference in percentage of methylation at each target site (represented by the probe) between each participant's case and control pregnancy was calculated. Differences in methylation were standardized into Z scores calculated from individual means and standard deviations for each participant. Differential methylation was then determined by using an R-package of Differential Identification using Mixture Ensemble (DIME). 12, 13 Briefly, DIME considers an ensemble of finite mixture models and chooses the best model to determine differential methylation with a local false discovery rate (FDR). A FDR <0.10 was used as a threshold to identify differentially methylated targets for each paired case versus control pregnancies for each participant.
In comparisons of GDM case versus control pregnancies, target sites that were significantly (based on the FDR <0.10 criteria) hypo-or hypermethylated in the same direction among 5 or more participants (of the total 6) constituted our set of GDM-related differentially methylated sites. Genes that are related to these differentially methylated sites by proximity to the TSSs were evaluated for their function and functional relationships using the Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems, Redwood City, California). In these analyses, biological networks that were overrepresented by genes in our set were identified using network score based on a modified Fisher exact test. Analyses were conducted using the R statistical package and IPA software.
Results
Characteristics of study participants are presented in Table 1 . A total of 27 target sites were significantly (using the FDR <0.10 cutoff) hypomethylated (N ¼ 17) or hypermethylated (N ¼ 10) when comparing GDM-affected pregnancies to control pregnancies among 5 or more of the 6 repeat pregnancies evaluated in this study (Table 2) .
Fold change comparing average percentage of methylation in GDM pregnancies with average percentage of methylation in control pregnancies at target sites ranged from 0.77 (hypomethylated) to 1.09 (hypermethylated). A target site associated with the NDUFC1 gene was hypomethylated (11% less methylated, on average) in GDM pregnancies, relative to the respective control pregnancy, among all 6 study participants. Methylation in target sites related to SEPT11, ZAR1, and DDR genes was 5% to 9% higher in GDM pregnancies, while methylation in target sites related to HAPLN3, HHLA3, and RHOG genes was 23% lower in GDM pregnancies, compared with control pregnancies. Several of these differentially methylated genes, including NDUFC1 and SEPT11, are novel.
Function and functional relationship-based network analyses of genes represented by differentially methylated target sites identified 2 biological networks that were significantly overrepresented, network 1 with a score (negative log of P value of Fisher exact test) of 26 and network 2 with a score of 19 (Table 3) . These networks of genes had functions that involve cell morphology, cellular assembly, cellular organization, cellular compromise, and cell cycle.
Discussion
In this proof-of-concept pilot DNA methylation profiling study among women with repeat pregnancies (P0-P1 pregnancies), we identified differential methylation (both hypo-and hypermethylation) of several target sites in relation to change in GDM status. A number of novel genes were associated with identified hypomethylated (such as NDUFC1, HAPLN3, HHLA3, and RHOG) or hypermethylated sites (such as SEP11, ZAR1, and DDR). Genes related to these differentially methylated sites play critical roles in cellular morphology, organization, assembly, or compromise, as well as, cell cycle. To our knowledge, no prior study investigated maternal peripheral blood DNA methylation during pregnancy in relation to GDM status. However, investigators have evaluated peripheral blood DNA methylation in men and nonpregnant women with T2D as well as GDM-related DNA methylation in other tissues. 3, [14] [15] [16] [17] [18] [19] [20] Available evidence indicates that DNA methylation is involved in maintaining gene expression patterns associated with insulin resistance in T2D, a condition that is similar to GDM. 14, 16 Several genes involved in glucose metabolism (including GLUT4) have been shown to exhibit differential DNA methylation in their promoter regions.
14,15 A possible All 6 comparisons were significant (based on the DIME-based false discovery rate <10% criteria) for the NDUFC1 gene while for the other 26 genes, 5 of the 6 comparisons were significant. For all 27 genes, the direction (hyper-or hypomethylation) of differential methylation in GDM pregnancies was similar for all participants.
general defect in DNA methylation in diabetes is suggested by the recent observation that S-adenosylmethionine, the main physiologic donor of methyl groups, is decreased in erythrocytes of diabetic patients, and, that the decrease is associated with disease progression. 14, 16 In a recent peripheral blood based epigenome-wide investigation, a decrease in DNA methylation at a CpG site in the first intron of the FTO gene was associated with incident T2D, indicating the utility of peripheral blood-based DNA methylation investigations in diabetes. 3 Further, investigations that examine methylation changes as direct causes of abnormal glucose tolerance (ie, beyond associations) are needed to clarify causal relationships.
Prior pregnancy-related glucose metabolism and DNA methylation studies investigated differential methylation of sites in candidate genes in placental or offspring (cord blood) tissues. 17, 18 Bouchard et al reported that placental hypomethylation in the promoter region of ADIPOQ gene was associated with higher insulin resistance index (homeostasis model assessment [HOMA] of insulin resistance) during the second and third trimesters of pregnancy (Spearman correlation coefficients À.27, P value <.05) and higher maternal circulating adiponectin levels throughout pregnancy (Spearman correlation coefficients À.27, P value <.05). 18 Similarly, statistically significant associations between placental DNA methylation in the LEPTIN gene and maternal glucose levels were reported by the same group of investigators (Spearman correlation coefficient ¼ .53, P value ¼ .009). 19 Recently, El Hajj et al investigated DNA methylation in both placental and cord blood tissues and reported hypomethylation of maternally imprinted MEST gene (4%-7%), the nonimprinted NR3C1 gene (1%-2%), and interspersed ALU repeats (1%) among women who had insulin treated and diet-controlled GDM cases compared with women who had normoglycemic pregnancies. 17 Investigators have also used study designs that involved paired samples, with similar genetic make-up, to investigate DNA methylation and glucose metabolism. 20 Using samples collected from 84 monozygotic twin pairs, Zhao et al investigated global DNA methylation in peripheral blood leukocytes and its association with insulin resistance (HOMA). 20 A 10% increase in the difference in mean Alu methylation was associated with an increase of 4.54 units (0.34-8.71; P value ¼ .036) in the difference in HOMA. 20 Such pair-based investigations, including our current study, can help highlight the important role of epigenetics, and more specifically DNA methylation, in explaining mechanisms through which nongenetic (eg, behavioral and environmental) risk factors may increase disease incidence and/or severity.
In our study, we identified differential methylation of several GDM-associated sites that are related to novel genes. One of these novel genes, related to a hypomethylated site, is the NDUFC1 gene that encodes a protein constituting the first enzyme complex in the electron transport chain located in the inner mitochondrial membrane. 21 Another is the NDUFA12 gene that encodes a protein which is part of the mitochondrial complex 1, part of the oxidative phosphorylation system in mitochondria. 22 Mitochondrial function in tissues (including liver, muscle, adipose tissue, and pancreatic beta cells) is critical in cellular metabolism and maintenance of adaptive responses that balance oxidative activity and nutrient load. 23, 24 The imbalance that follows failure of complete oxidation, due to suboptimal mitochondrial oxidative activity, leads to the accumulation of lipid intermediates, incomplete fatty acid oxidation products, and ROS, which may induce both insulin resistance and altered secretion. 23 Another novel gene, related to a hypermethylated site, is the SEPT11 gene encoding a protein that belongs to the conserved septin family of filamentforming cytoskeletal GTPases that are involved in a variety of cellular functions including cytokinesis and vesicle trafficking. [25] [26] [27] Septins have been associated with a diverse set of disease conditions including neoplasia, neurodegenerative diseases, infections, and exocytosis. [25] [26] [27] Along with NDUFC1, NDUFA12, and SEPT11, other genes identified in our study, such as the AGRB, HAPLN3, NAGA, and VCX31, were members of a gene set with functions related to cellular morphology, organization, assembly, or compromise, as well as, cell cycle. However, like many of the other novel genes identified in the current study, their role in glucose metabolism is currently unknown and need further investigations. The networks were generated through the use of Ingenuity Pathways Analysis (Ingenuity Systems, www.ingenuity.com). Each gene identifier was mapped to its corresponding gene object in the Ingenuity Pathways Knowledge Base (IPKB). These genes were overlaid onto a global molecular network developed from information contained in the IPKB. Network enrichment is then assessed using a network score (negative log of P values of Fisher tests). Focus genes (in bold) are genes identified in our list of differentially methylated genes. Networks shown here are those with network scores >3.0.
Our preliminary study addresses a significant gap in the literature on GDM-related DNA methylation. In addition, it highlights several opportunities of this research area. DNA-based investigations (such as DNA methylation profiling), due to stability of the DNA, can produce more reproducible information for research or clinical diagnostics purposes, compared with other markers (eg, gene expression). 28 Early pregnancy DNA methylation profiling before 26 to 28 weeks gestation (when standard glucose challenge tests are administered) can have significant preventive or early diagnostic clinical applications. For instance, early pregnancy interventions (eg, diet or lifestyle modifications) among high-risk populations identified by a specific methylation profile may help prevent GDM later in pregnancy. Metabolic consequences of behavioral and environmental risk factors (eg, high caloric diets and heavy metal exposure) on cellular/tissue functions may become ''locked'' by DNA methylation 14 indicating the opportunity to use these investigations to understand gene-environment interactions. As described earlier, the design of our study, which employs repeat pregnancies (P0-P1 pregnancies), facilitates identification of these environmentally induced epigenetic (ie, methylation) changes.
Several limitations of our pilot study deserve mention. First, our pilot study was small in size, and power calculations were not for this pilot study. The results reported in this article can now be used to estimate sample size and power for future studies. DNA methylation profile of peripheral blood leukocytes may not be representative of target tissue (eg, liver and pancreatic b cell) DNA methylation profiles. However, accumulating evidence, including our prior work, 6, 7 supports the use of peripheral blood as an easily accessible useful tissue, particularly for systemic conditions like GDM. We did not adjust for possible differences in cell proportion of samples. This is particularly important, given our observation that differences in GDM-related DNA methylation are associated with cell morphology, cellular compromise, and cell cycle, which are closely associated with type and number of cells that constitute peripheral blood. Advanced procedures being developed in other areas of research (eg, transcriptomics) that help determine cell content of samples will mitigate this concern in future studies. 29, 30 Finally, the generalizability of findings needs to be enhanced by conducting similar experiments in more diverse study populations.
In this novel DNA methylation profiling study among women with repeat pregnancies and a change in GDM status, we identified several differentially methylated sites. These sites were related to novel genes participating in mitochondrial function, cell morphology, cellular compromise, and cell cycle. Future replication studies, particularly those designed to investigate genetic variations related to the genes, and studies of gene expression and downstream posttranscription regulation of represented genes are warranted. Similar studies of GDM cases identified using recently updated diagnostic criteria as well as other related conditions (such as impaired glucose tolerance) are important in this area. Further, investigations of the postpartum epigenetic profile of women who experienced GDM may help elucidate mechanisms underlying well-demonstrated relationships between GDM and subsequent T2D. A better understanding of epigenetic mechanisms that may account for gene-environment interactions in GDM pathogenesis will improve our efforts for the diagnosis, treatment, and possibly even prevention of a common pregnancy complication with wide-reaching implications on maternal and offspring health.
